Introduction
Progeny testing is one of the most important and expensive phases of a tree-breeding program. To make maximum progress from selection, it is necessary to use a field design that ranks the test materials as closely as possible to the ranking of their true genetic merit, or breeding values. Single-tree plot (STP) designs (with either randomized complete or incomplete blocks) have long been recognized as the best for ranking families, or parents, for backward selection (CONKLE, 1963; WRIGHT, 1976; LIBBY and COCKERHAM, 1980) . As they maximize the number of micro-sites sampled with a given number of trees per family, STP designs minimize the errors in estimating family means (or parental breeding values) and thus maximize the accuracy of family ranking. In tree breeding, forward selection is another common practice, which requires accurate ranking of individuals.
The breeding value of an individual (IBV) consists of two components corresponding to family and withinfamily additive genetic effects. Although STP designs are efficient for evaluating the first component (i.e., parental breeding values), they may not be for the second (i.e., within-family breeding value) since they are unable to provide assessment of plot effects for microsite adjustments to the observed individual phenotypes. Hence STP designs may not always be superior to multiple-tree plot (MTP) designs in ranking individuals, and their relative superiority may vary with the heritability of the trait and the patterns of environmental variation ( VAN BUIJTENEN, 1983) .
In this paper, we report the results from a computer simulation on the accuracy of ranking individuals in field tests of different designs. This simulation consid-
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A Computer Simulation ered a wide range of heritability and various scenarios of environmental variation patterns.
Simulation Methods
A test population that consists of 900 individuals from 45 full-sib families (i.e., 20 individuals per family) generated by three 6-parent disconnected half-diallels was considered in the simulation. Although it is relatively small due to limited computational capability it does represent the typical size of any one phase or a unit (e.g., a subline) of a larger testing program, which may involve the breeding and testing of several dozen selected parents in an advanced generation breeding program.
Simulation was conducted with a computer program written in SAS ® MACRO and IML, which consists of the following five steps: 1) Generating a spatial error distribution for the 900 planting spots with specified patch sizes and gradients of environmental variation: A test site with 20 rows by 45 columns was the considered layout on the ground and site variation was modelled according to the method described by FU et al. (1998) . In this study, we considered three levels of patch size (α = 1, 6 and 10) and gradient (γ = 0, -tan(5°), and -tan(10°)) which represent a typical spread of site variations observed in the Douglas-fir progeny trials on coastal British Columbia (FU et al., 1999a) .
2) Generating genetic values for the 900 individuals with specified additive genetic variance (σ 2 A ) and dominant variance (σ 2 D ): σ 2 A and σ 2 D were assigned by specifying the narrow-sense heritability (h 2 ) and dominant to additive genetic variance ratio, and setting the total phenotypic variance to an arbitrary value of 100. In this simulation, five levels of narrow-sense heritability (0.05, 0.15, 0.25, 0.35 and 0.45) and two levels of dominant to additive genetic variance ratio (0, 0.30) were used. The total genetic value of an individual was defined as:
( 1) All effects in the model were considered random with normal independent distribution (NID). f k and m l are the general combining ability (GCA) effects of the kth female and lth male parent ~NID(0, 1 / 4 σ ). This model assumes that there is no epistatic effect between involved genes and the diallel effect is zero.
The true breeding value of the individual (IBVt) is the additive genetic component of its total genetic value:
(2)
With the specified additive genetic and dominant variances, the variance of each genetic effect in Equation 1 was calculated. The GCA effects for the 18 parents, SCA effects for 45 crosses, and within-family additive and dominant genetic effects for the 900 individuals were generated by using random number generators. First, a set of random numbers (or values) with a standard normal distribution were generated by a random number generator, and then, those random values were multiplied by the standard deviation of the corresponding genetic effect to convert them to have a normal distribution of zero mean and the calculated variance for that genetic effect. The total genetic value (G klm ) and the true breeding value (IBVt klm ) of an individual were calculated according to Equations 1 and 2, respectively.
3) Generating the design matrices: Five block designs were examined: i) 60 incomplete blocks of size 15 with single-tree plots (ICB1); ii) 20 complete blocks of size 45 with single-tree plots (RCB1); iii) 10 complete blocks of size 90 with 2-tree row plots (RCB2); iv) five complete blocks of size 180 with 4-tree row plots (RCB4); and v) two complete blocks of size 450 with 10-tree row plots (RCB10).
For ICB1, the NC design (i.e., no constraint over replications) with STPs was applied. We chose to use the NC ICB approach as it has been shown to be very close in efficiency to the 'alpha' design (FU et al., 1998) . In this design, the 45 seedlings, one from each of the 45 families, was divided into three blocks of size 15. For each block, 15 families were randomly assigned without replacement. This was repeated for each replication so that the same 15 families in the first block in the first replication were not allocated into the same block in the next replication. For RCB1, the number of complete blocks is 20, each consisting of 45 families with one seedling per family. For RCB2, the number of complete blocks is 10, each consisting of 45 families with two seedlings per family planted in a row (i.e., 2-tree row plot). For RCB4, the number of complete blocks is five, each consisting of 45 families with four seedlings per family planted in a row as a 4-tree row plot. Similarly for RCB10, the number of complete blocks is two, each consisting of 45 families with 10 seedlings per family planted in a row as a 10-tree row plot. In this simulation, a row plot was placed in the column direction (i.e., parallel to the environmental gradient). These design matrices were then combined with the genetic data generated in Step 2 and sorted by block and row (or plot) for randomization in the next step.
4) Generating the phenotypic data: The randomized data were sorted again by block and row before the genetic value was added to the environmental error to generate the phenotypic value of an individual. Two rounds of sorting are required to make row plots match with the physical settings generated in Step 1. 5) Analyzing simulated data and predicting individual tree breeding values: For each combination of input parameters, 1000 independent runs were conducted.
For multiple-tree plot (MTP) designs, analysis of variance (ANOVA) was performed based on the following linear mixed model:
where u is the population mean, B i and p ijkl are the block and plot effects, respectively, and w ijklm is the error term. The other effects are defined in Equation 1. Except for B i , all the other effects were considered ran- Xie et. al.·Silvae Genetica (2006) (4) where Z f and Z m are design matrix for female and male parents, respectively, and (Y -Xβ β -Zγ γ^) is the residual obtained directly from the output of SAS ® Proc Mixed.
Kendall's coefficient of correlation (SOKAL and ROHLF, 1981) between ranks of the true and predicted individual breeding values (i.e., IBVt and IBVp, respectively) was employed to quantify the accuracy of ranking individuals according to their true genetic merit. The "realized" percent gain from selecting the top 100 individuals based on IBVp was used as another indicator to the effectiveness of the field designs for ranking individuals for forward selection. This was calculated as the percentage of the total true breeding value of the top 100 individuals ranked based on IBVp over the total true breeding value of the top 100 individuals ranked based on IBVt. It is important to clarify that we are not proposing to select the top 100 individuals for future breeding or production. For that purpose, both the breeding values and the relatedness of the selection candidates should be considered and the final decision should be made based on the group merit of the selected individuals (LINDGREN and MULLIN, 1997) .
Results and Discussion

Effect of the input parameters
Among the four input parameters (narrow-sense heritability, dominant to additive genetic variance ratio, patch size and gradient of site variation), heritability had the most significant impact on the accuracy of individual tree ranking. As demonstrated in Figure 1 , the coefficient of correlation between ranks of the true (IBVt) and predicted (IBVp) individual breeding values increased as the heritability increased regardless of experimental design, pattern of environmental variation, and magnitude of dominant genetic variance. Such a result is not surprising as we should expect that correlation between the predicted and true breeding values increases with increasing heritability and so does the correlation between their ranks (FALCONER, 1989) . Moreover, even though different field designs demonstrated different ranking accuracies when environmental variation was not random, the differences became smaller as heritability increased. For traits with high heritability, accurate ranking is always expected and the use of sophisticated experimental designs becomes less important (Figure 1b and 1c) .
Environmental patch size showed much greater impact than environmental gradient on the accuracy of ranking individuals. Kendall's coefficient of correlation between ranks of the true and predicted breeding values increased with patch size for designs with small plots, while the opposite was true for those with large plots (Figure 2 ). This trend was even more pronounced at lower heritabilities. With fixed patch size (α = 6), however, no clear trend between the correlation coefficient and the slope of the environmental gradient was observed in any of the simulated experimental designs (Figure 3) . These results are also somewhat intuitive as, unlike patch variation which is two dimensional (along both X and Y co-ordinates), gradient variation is one dimensional; it can be effectively removed from experimental error by both STP and MTP designs as long as the multiple-tree row plots are arranged along the gradient direction (which is the case in this simulation study, and in most tree breeding testing programs). Therefore, the impacts of gradient variation on ranking individuals should be relatively small regardless of plot size. When environmental variation is patchy, or two dimensional, designs with small plots are more effective in sampling such variation in both directions and removing it out of the experimental error. As patch size increases, more environmental variation can be removed by small plots (or small plot designs become more effective) while the opposite is true for large plots.
As demonstrated in Figures 1, 2 and 3 , the estimated correlations between IBVt and IBVp ranks tended to be weaker for all simulated designs with a dominant to additive genetic variance ratio of 30 % versus 0. However, all the findings with respect to the impacts of heritability and environmental variation patterns on the accuracy of individual tree ranking, as discussed above, are generally the same.
Effectiveness of the field designs
The percentages of the total true breeding values of the top 100 individuals ranked based on IBVp, over that of the top 100 individuals ranked based on IBVt, for the five different test designs, with medium and large environmental patch sizes and gradient slopes, and 30 % dominant to additive genetic variance ratio are presented in Table 1 . It is clear that incomplete block design with single-tree plots (ICB1) provides the highest "realized" percent gains and therefore is the most effective design for ranking individuals at low to medium heritabilities (h 2 ≤ 0.25), while complete block design with 2-tree plots (RCB2) becomes better at medium to high heritabilities (h 2 > 0.25). Complete block design with singletree plots (RCB1) tends to be superior to RCB2 at low heritabilities (h 2 < 0.15) but its superiority disappears as heritability increases. The large ten-tree row plot design (RCB10) is the least effective in all the simulated scenarios.
Differences in efficiency or accuracy of ranking individuals for forward selection among different field designs are attributable to their differences in the precision of predicting individual breeding values. As mentioned earlier, the breeding value of an individual consists of two components corresponding to the family and within-family additive genetic effects. The following may serve as a simplified expression of the breeding value of an individual in terms of heritability: Xie et. al.·Silvae Genetica (2006) 
and (FALCONER, 1989) . (7) h 2 , h 2 f and h 2 w are the narrow-sense, family and withinfamily heritability, respectively, µ is the population mean, X -f is the family mean, X i is the phenotypic value of the individual, and n is the number of individuals tested per family. h approaches n + 1. In other words, when narrow-sense heritability is low, precise estimation of family effect rather than within-family effect is more important for precise prediction of individual breeding values. Single-tree plots maximize the number of micro-sites sampled with a given number of trees per family. Therefore, STP designs (ICB1 and RCB1) provide the most precise estimates of family means and consequently the most precise predictions of individual breeding values. Since ICB1 further reduces within-block variance due to reduced block size, it is even more efficient than RCB1 for predicting individual breeding values and therefore more effective for ranking individuals for forward selection in such situations. As the narrow-sense heritability increases, however, the difference between h 2 f and h 2 w decreases and eventually estimation of both family and within-family effects Xie et. al.·Silvae Genetica (2006) becomes equally important. Unlike STP, MTP offers the opportunity of making micro-site adjustment to the phenotypic value of an individual and therefore provides superior estimate of the within-family effect. Since MTP designs sacrifice the precision of estimating family effect while improving the estimation of within-family effect, their efficiencies in predicting individual breeding values or their effectiveness in ranking individuals is determined by the net effect on the precision of estimating the two complementary components. The randomized complete block design with two-tree plots (RCB2) maximizes environmental sampling with a given number of trees tested per family, among all MTP designs, while providing the necessary information that can not be provided by STP designs for micro-site adjustments to the individual phenotypic values. Accordingly, RCB2 replaces ICB1 as the most effective design for ranking individuals when heritability increases to medium and higher. It should be pointed out that mortality was not considered in the present simulation study. It has been previously shown that the statistical efficiencies of STP designs (particularly, ICB1) decrease as mortality increases (FU et al., 1999b) . The impact of mortality on the efficiency of RCB2 design should be smaller since fewer missing plots would be generated by the same level of mortality. Loss in statistical efficiency due to mortality will decrease the precision of breeding value predictions, which in turn will lower the accuracy of individual ranking. Therefore, RCB2 may have an advantage over ICB1 at heritabilities lower than what were indicated in this study in real situations.
CORNELIUS (1994) reported that 'average' heritabilities for traits that are commonly targeted in many forest tree breeding programs are from 0.2 to 0.3 for growth and form traits and greater for wood quality. With such heritabilities and the spatial patterns of site variation that are most commonly observed in coastal Douglas-fir progeny test trials in BC (α= 6, γ= -tan(5°)) (FU et al., 1999a) , ICB1, RCB1 and RCB2 demonstrated comparable effectiveness in ranking individuals for forward Xie et. al.·Silvae Genetica (2006) selection (Figures 2 and 3, Table 1 ). In those cases, the choice of a particular design may depend on other factors such as the size and configuration of the potential test site, the anticipated mortality, establishment and long-term maintenance.
Another interesting observation is that with a given heritability, the most effective design is always most effective across all the simulated scenarios with respect to the pattern of site variation and the magnitude of dominant genetic variance. Thus, heritability of the target trait is the most important determinant for choosing the design of maximum effectiveness for ranking individuals in progeny testing. However, this is not to say that site selection is not important. As demonstrated in Table 1 , different site variation patterns result in different effectiveness for the same design and the same heritability. Knowledge of site variation patterns may also help to determine other design parameters such as block shape (i.e., square, row or column blocks) and block size in case of incomplete block designs (FU et al., 1999c) .
Conclusions
Simulation results from the present study indicate that the underlying heritability of the trait has the most significant impact on the accuracy of ranking individuals and is the most important factor to consider for choosing field designs in progeny testing. Incomplete block design with single-tree plots is most effective at low heritabilities while complete block design with 2-tree plots appears to be the best at higher heritabilities. Large row plot designs are among the least effective in all the simulated scenarios. For traits with medium heritabilities, the statistical efficiencies of ICB1, RCB1 and RCB2 in ranking individuals are comparable. In those situations, the choice of a particular design may largely Xie et. al.·Silvae Genetica (2006) 55-2, 70-77 Table 1 . -Percentages of the total IBVt of the top 100 individuals ranked based on IBVp over that of the top 100 individuals ranked based on IBVt for different designs with various heritability, site variation patterns and a dominant to additive genetic variance ratio of 0.30. depend on other factors such as the size and configuration of the potential test site, the anticipated mortality, establishment and long-term maintenance.
